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Forty-four adult patients with tetralogy of Fallot were
studied while clinically well at a mean of 14 years (range
5 to 27) after intracardiac repair to examine the asso-
ciation of postoperative ventricular arrhythmias with
historical and postoperative hemodynamic data. Twenty-
two patients who demonstrated during 24 hour ambu-
latory monitoring or maximal graded treadmill exercise
testing, or both, ventricular premature beats that were
multiform, repetitive or increased in frequency during
exercise or recovery after exercise were found to differ
from patients without such ventricular premature beats
Intracardiac repair of tetralogy of Fallot can be performed
with low operative mortality (1-4) and result in improve-
ment in the prognosis (5,6) and functional status (7) of
patients with this common congenital cardiac defect. Careful
postoperative assessment of cardiac rhythm and hemody-
namic status appears to remain necessary in such patients,
however, because they retain an increased risk of sudden
cardiac death (7-12).
The need to devise well reasoned strategies for postop-
erative follow-up investigation and management has stim-
ulated much research into the pathophysiology of these sud-
den deaths. Early studies (13-18) examined the relation
between sudden death and postoperative conduction defects.
Most evidence (7,9,11,12), however, strongly supports the
hypothesis that these sudden deaths are due to ventricular
arrhythmias. Ventricular premature beats are frequently re-
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in four respects. The patients with complex or exercise-
induced ventricular premature beats had a higher right
ventricular systolic blood pressure, a higher incidence
of residual left to right intracardiac shunt, lower cardiac
index and more frequently abnormal left ventricular
ejection fraction measured by rest and exercise-gated
radionuclide ventriculography. Adults with complex or
exercise-induced ventricular premature beats after in-
tracardiac repair of tetralogy of Fallot are characterized
by suboptimal hemodynamic repair and preclinical left
ventricular dysfunction.
corded on 24 hour ambulatory monitoring in patients after
intracardiac repair of tetralogy of Fallot (19,20) so that the
isolated presence of ventricular premature beats is unlikely
to constitute a serious independent risk. Repetitive or mul-
tiform ventricular premature beats are shown to be of greater
concern (21). The retrospective study of Garson et al. (7)
linked sudden death to the combined presence of ventricular
premature beats and suboptimal hemodynamic outcome of
surgery as manifest by elevated right ventricular systolic
pressure (that is, persistent left to right shunt or right ven-
tricular outflow obstruction).
Other investigators (22,23) detected left ventricular dys-
function after intracardiac repair. A recent report (20) sug-
gested association between ventricular arrhythmia and de-
pressed left ventricular ejection fraction at rest as measured
by gated radionuclide ventriculography. Postoperative car-
diac catheterization data did not, however, distinguish this
particular group of patients with ventricular arrhythmias. In
contrast, Reduto et al. (24) and Rosing et a1. (19) found
rest and exercise left ventricular ejection fractions to be
normal in most of their patients after intracardiac repair of
tetralogy of Fallot. Ventricular arrhythmias were highly
prevalent in the group studied by Rosing and his coworkers.
We recognize two reasons for these inconsistencies and
apparent contradictions. First, these patients are heteroge-
neous, varying with respect to the severity of their preop-
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erative lesions and their need for preoperative palliative
procedures, the timing and conduct of definitive repair and
the presence of recognized and occult postoperative lesions,
Second, previous studies have not categorized patients ac-
cording to hemodynamic data, rest and exercise electrocar-
diographic data and rest and exercise ventricular function,
To characterize adults after intracardiac repair of tetral-
ogy of Fallot, we performed an invasive and noninvasive
cross-sectional analysis of 44 patients with tetralogy late
after imracardiac repair, The purpose of this analysis was
to determine whether there was any significant association
of serious ventricular arrhythmia with preoperative palliative
shunts, hemodynamic outcome of surgery, rest and exercise
ventricular function and associated postoperative cardiac
lesions,
Methods
Study patients. From December 1980 until March 1982,
fifty-three adults who had undergone intracardiac repair of
tetralogy of Fallot more than 1 year previously were seen
at Toronto General Hospital in consultation or for routine
follow-up examination, Patients were included if they had
had typical anatomy of tetralogy of Fallot with a nonre-
strictive ventricular septal defect and pulmonary stenosis
with essentially equal peak systolic pressure in the left and
right ventricles. Patients with pulmonary atresia or aortic
origin of either pulmonary artery were not included in the
study,
All patients were asked to participate in this investigation
and gave informed consent as approved by the Human Ex-
perimentation Committee on December 22, 1980. Four pa-
tients presenting for routine follow-up examination refused
to participate, three who expressed initial interest were lost
to follow-up and two had an incomplete investigation, one
because of pregnancy. Forty-four patients were thus enrolled
in the study and completed the protocol. There were 25 men
and 19 women ranging in age from 18 to 41 years (mean
27,0 r: 6.4), The patients had undergone intracardiac repair
at 3 to 30 years of age (mean 13,0 ± 6,5) and the interval
from repair to time of this investigation varied from 5 to
27 years (mean 14,0 ± 4.4). Twenty-eight patients (64%)
had undergone a palliative operation before intracardiac re-
pair at age I month to 13 years (mean 4.5 ± 3.0). The
duration of palliation before intracardiac repair in these 28
patients was I to 22 years (mean 9.6 ± 6,3). Three patients
each had had two shunt procedures, so that 31 palliative
operations were performed (28 Blalock-Taussig anasta-
moses. 2 Potts' anastamoses and I right ventricular outflow
tract dilation),
Farty-three patients were in New York Heart Association
functional class I and one patient was in class ll . The nine
patients who did not complete the protocol were in class L
Only fWO patients were taking antiarrhythmic or cardiotropic
medication. One patient was taking digoxin for control of
paroxysmal supraventricular tachycardia and one was taking
an appropriate replacement dose of Lsthyroxine. One patient
had a permanent ventricular demand pacemaker inserted for
postoperative complete heart block. All patients were in
normal sinus rhythm and had complete right bundle branch
block on routine 12 lead electrocardiograms. Five patients
had left anterior fascicular block.
Electrocardiographic studies. Symptom-limited graded
treadmill exercise electrocardiography was carried out using
the Bruce protocol. Lead 11 was monitored continuously on
an oscilloscope and sample rhythm strips. Rhythm strips
depicting real or apparent variations from continuous sinus
rhythm were recorded in three simultaneous orthogonal leads
by a trained technician for analysis. Twenty-four hour con-
tinuous ambulatory electrocardiographic (Holter) monitor-
ing of modified chest leads I and V was performed using
series 4:24 (Oxford Medical Systems) cassette tape re-
corders. Analysis was by a trained technician using a Path-
finder high speed electrocardiogram analyzer (Reynolds
Medical).
Heart catheterization. Thermodilution cardiac output
was calculated as the mean of three measurements using a
dye-thermal detection computer (Electronics for Medicine).
Systemic arterial, main and branch pulmonary arterial, right
ventricular, right atrial and vena caval pressures and blood
samples for oximetry were obtained. Patients with a left to
right shunt or aortic insufficiency, or both, underwent sub-
sequent complete left and right heart catheterization with
contrast angiography and determination of systemic blood
flow by the Fick method,
Radionuclide ventriculography. After in vivo red blood
cell labeling (25) with 25 mCi of technetium-99m, rest and
exercise electrocardiogram-gated blood pool imaging were
performed using previously described methods (26,27). The
total body radiation was 0.4 rad/25 mCi and the critical
organ (erythrocyte) dose was 1.25 rads125 mCi.
Analysis of left and right ventricular ejection fraction
was performed using commercially available computer soft-
ware (MDS A2). Seven point temporal and seven by seven
point spatial smoothing filters were employed before ven-
tricular edge detection by a semiautomated second deriva-
tive algorithm, Ventricular regions were then applied to the
unfiltered images for determination of background-corrected
counts and left and right ventricular ejection fractions.
Ten consecutive patients underwent first pass cardiac
imaging in the right anterior oblique projection after bolus
injection of 25 mCi of technetium-99m (for red blood cell
labeling and ultimate equilibrium ventriculography as be-
fore) with a catheter positioned in the inferior vena cava
just below the right atrium. List mode data were reformatted
as 25 64 x 64 matrix images per second, and a right ven-
tricular region of interest was defined manually from a com-
posite right heart image. A time-activity curve was gener-
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Figure I . Number of patients in whom ventricular
arrhythmias were de tected by treadmill exercise (Ex)
electrocardiography (ECG) and 24 hour ambulatory
monitoring , Patients defined as having complex
ventricular arryhthmias by either 24 hour monitor-
ing or treadmill electrocardiographic testing are en -
closed in the darkened section. VPB's = ven tric-
ular premature beats; i = increased .
Treadmill Exercise (Ex) ECG
Ventricular Arrhythmias
in 44 Patients after No TestRepair of Tetralogy of Fallot VPB's VPB's Omitted
(number of patients)
2220 2
Multiform Unifocal Unifocal No Test
Repetitive Isolated Isolated VPS's Omitted
I by Ex nol!by Ex
5 8 7 22 2
Multif orm 11 2 - 5 2 2
24-Hr Repetitive
Ambu- VPB's 28
latory Unifocal 17 2 3 2 10 -ECG Isolated
No 16 No 16 1 5 10VPB's VPS's - -
ated using this region, and right ventricular ejection fraction
was calculated from the mean of three cardiac cycles. Gated
equilibrium right ventricular ejection fraction was measured
immediately after the first pass study in these patients.
Statist ical evaluation. Hemodynamic data are pre-
sented as mean ± standard deviation . Statistical signifi-
cance of mean data was determined by paired or unpaired
two-tailed Student's t tests and of proportions by chi-square
tests . A probability value of less than 0.05 was considered
significant.
Results
Electrocardiogr aphic studies. The results of graded
treadmill exercise electrocardiography and 24 hour ambu-
latory electrocardiography with respect to detect ion of ven-
tricular arrhythmias are shown in Figure I. Two patients
with rapid sustained ventricular tachycardia during ambu-
latory monitoring did not perform treadmill exercise.
These results can be summarized as follows. Complex
ventricula r premature beats are defined as multiform or re-
Table 1. Right Heart Catheterization Data
Patients Patients
Without Complex With Complex
VA (n = 22) VA (n = 22) P Value
Cardiac index (liters/min per rrr) 3.6 ± 1.1 2.6 ± 1.0 0.004
Pulmonary capillary 7.7 :!: 3.6 8.5 ± 3.4 NS
wedge pressure (mm Hg)
Mean pulmonary artery 12.7 ± 4.0 15.2 ± 7.0 NS
pressure (mm Hg)
Peak to peak right 13.0 ± 9.2 20.3 ± 15.5 NS
ventricular outflow
gradient (mm Hg)
Right ventricular systolic 33.1 ± 8.9 46.9 ± 18.6 0.003
pressure (mm Hg)
Right ventricular end- 5.6 ± 3.4 7.5 ± 3.3 NS
diastolic pressure (mm Hg)
Right atrial pressure (mm Hg) 5. t ± 3.0 6.0 ± 4.4 NS
Left to right shunts 0 9 < 0.00 1
(no. of patients)
Data are presented as mean values ± standard deviation. NS = not significant; VA = ventriculararrhythmias.
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VSD 0' ventricular septal defect. Other abbreviations as in Table I.
Table 2. Left Heart Catheterization Data in 11 Patients
petitive (two or more consecutive) ventricular beats. These
were detected on ambulatory monitoring in only nine pa-
tients, on exercise electrocardiography in only three patients
and by both investigations in two patients. Thus, complex
ventricular premature beats were detected in 14 patients.
Eight patients developed increased frequency of ventricular
prematurebeats, definedas an increase in the maximalnum-
ber of ventricularbeats detected per minute during treadmill
exercise.
Patients with complex ventricular arrhythmia. The 8 pa-
tients with exercise-induced increased frequency of ven-
Residual left to right shunts
Patent ductus arteriosus
Ventricular septal defects
Aortic insufficiency
Aortic insufficiency and VSD
Patients
Without
Complex VA
o
o
o
o
o
Patients
With
Complex VA
9
I
8
3
I
tricular premature beats were included with the 14 patients
with complex ventricular premature beats to form a group
of 22 patients with complex ventricular arrhythmias. These
patients did not differ with respect to duration of treadmill
exercise or maximal heart rate achieved during treadmill
exercise from patients without complex ventricular arrhyth-
mias (9.2 ± 3.0 versus 9.7 ± 2.8 minutes and 163 ± 19
versus 166 ± 20 beats/min, respectively).
Cardiac catheterization. The results of left and right
heart catheterization in these investigations are shown in
Tables 1 and 2, respectively.
Radionuclide ventriculography. Ejection fractions ob-
tained by rest and exercise gated radionuclide ventriculog-
raphy in patients with and without complex ventricular ar-
rhythmias are illustrated in Figures 2 and 3. Patients without
complex ventricular arrhythmias showed an overall signif-
icant increase in mean left ventricular ejection fraction from
rest to peak exercise, while those with complex ventricular
arrhythmiasdid not (Fig. 3). Mean right ventricular ejection
fraction decreased slightly in both groups (Fig. 2).
Normal left ventricular ejection fraction in our labora-
tory, based on studies of clinically normal subjects, is de-
fined as greater than 49% at rest with an increase at peak
60-
50 -
40t-
RVEF
(lib)
30,....
20
10
Patients without Complex
Ventricular Arrhythmia
(22)
N.S.
Patients with Complex
Ventricular Arrhythmia
(22)
0-0 Normal
e_ Abnormal
Figure 2. Rest and maximal supine bicycle exer-
cise right ventricular ejection fraction (RVEF) by
gated radionuclide ventriculography inpatients with
(rightpanel)and without (leftpanel) complex ven-
tricular arrhythmias. Mean values and standard de-
viations are shown. N.S. = not significant.
Rest Exercise Rest Exercise
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Figure 3. Rest and maximal supine bicycle exer-
cise left ventricular ejection fraction (LVEF) by
gated radionuclide ventriculography inpatients with
(rightpanel) and without (leftpanel) complex ven-
tricular arrhythmias. Mean values and standard de-
viations arc shown. N.S. = not significant.
exercise (26,27). Normal left ventricular ejection fractions
are depicted by open circles in Figure 3. Seventeen (77%)
of 22 patients without complex ventricular arrhythmias had
a normal left ventricular ejection fraction, compared with
only 6 (27%) of 22 patients with complex ventricular ar-
rhythmias. This difference in proportions (p < 0.001) was
significant.
Similarly, normal right ventricular ejection fraction is
defined as greater than 26% at rest with an increase at peak
exercise. Open circles depict normal right ventricularejec-
tion fractions in Figure 2. The majorityof patientsboth with
and without complex ventricular arrhythmias had an ab-
normal right ventricular ejection fraction (68 and 73%,
respectively. p = not significant).
Thecorrelation of rightventricular ejection fraction (RYEp)
at rest by gated equilibrium and first pass methods in 10
consecutive patients was significant (first pass RYEF
1.02 [gated equilibrium RYEF] - 1.8%, r = 0.68, P =
0.03).
Patient characteristics (Table 3). Patients with and
without complex ventricular arrhythmias could not be dis-
tinguished by their age at repair. Although more patients
with such arrhythmias had had previous palliative surgery,
the difference was not significant. The duration of func-
tioning palliative shunts before intracardiacrepair tended to
be longer in patients with complex ventricular arrhythmias,
but again this difference was not significant.
Discussion
This analysis employs ambulatory electrocardiographic
monitoring, exerciseelectrocardiography, rest and exercise-
gated radionuclide ventriculography and right heart cathe-
terization to characterize two subsets of adults who are clin-
ically well after intracardiac repair of tetralogy of Fallot.
Major retrospective studies of such patients have used post-
operative 12 lead electrocardiograms (8-10), exercise elec-
trocardiograms (7,28) and ambulatory electrocardiographic
monitoring (29) to detect ventricular arrhythmia. We em-
ployed both exercise electrocardiography and ambulatory
electrocardiographic monitoring because they are comple-
mentary in the detection of ventriculararrhythmias (30) and
enable more confident division of our patients into groups
with and without complex and exercise-induced ventricular
premature beats.
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Table 3. Patient Characteristics (mean values ± standard deviation)
Patients Patients
Without With
Complex VA Complex VA p Value
Age at study (yr) 26.7 ::t 5.3 27.4 ::t 7.7 NS
Interval since repair (yr) 14.9 ::t 4.6 13.3 ::t 4.3 NS
Age at repair (yr) 11.9 ::t 5.3 14.0 :t 7.4 NS
Previous palliation II 17 NS
(no. of patients)
Age at palliation (yr)* 5.6 :t 3.3 3.9 :t 2.7 NS
Duration of palliation (yr)* 8.9 ± 7.0 10.2 ::t 6.3 NS
' Based on 28 patients who had previous palliative procedures . Abbreviations as in Table I.
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Ventricular arrhythmias. Multiform and repetitive
ventricular premature beats have been identified (21) as
malignant arrhythmias in patients after tetralogy repair be-
cause they are associated with sudden death . The inclusion
of eight patients with exercise-induced increases in fre-
quenc y of ventricular premature beats in our group of pa-
tients with complex ventricular arrhythmias lacks direct
precedent. These eight pat ients, however, showed a striking
increase in the frequen cy of their ventricular ectop ic beats
on exercise or during recovery , provid ing clinical distinction
from the 21 patients designated as being without comple x
ventricular arrhythmias. Uniform ventricular premature beats,
which occur with sufficient frequen cy to enable their de-
tection on routine electrocardiograms, imply an increased
risk of sudden cardiac death (9, 10). The finding that our
subset of eight patients had increa sed frequency of ventric-
ular premature beats during exercise stress could have a
similar implication.
Furthermore, Garson et al. (2 1) reported that half of their
patients with exercise-induced ventricular premature beats
had elevated right ventricular systolic pressure, which is
another factor of prognostic importance in these patients.
We agree with these authors, who stated that "only further
follow-up will determine the outcome for patients with uni-
form ventricular premature complexes."
The 8 patients with exercise-induced increase in ventric-
ular premature beats actuall y had a somewhat lower mean
exercise left ventricular ejection fraction than did the 14
patients with complex ventri cular premature beats (Table
4) . Similarly , they had a slightly higher mean right ven-
tricular systolic pressure . These differences are not statis-
tically significant. Rather , they point to important similar-
ities among our patient s with complex and exercise-induced
ventricular premature beats in two measurements that dis-
tinguish patient s with and without compl ex ventricular
arrhythmias.
Left ventricular dysfunction. Our patients with mul-
tiform, repetitive and exerci se-induced increases in ventric-
ular premature beats more frequently had an abnormal left
ventricular ejection fraction at rest or in response to supine
Table 4. Selected Results (mean values) Demonstrating Associations With Ventricular
Premature Beats Increased by Exercise
Patients
Without
Complex VA
No Uniform
VPBs VPBs
No. of patients
Right ventricular ejection fraction
Rest (%)
Exercise (%)
Left ventricular ejection fraction
Rest (%)
Exercise (%)
Right ventricular systolic pressure (mm Hg)
Cardiac index (liters/min per m2)
10
34.6
32.8
62.6
64.8
35.1
3.2
12
32.9
29.2
64.8
72.4
3\. 9
3.9
Patients
With
Complex VA
Uniform Complex
VPBs VPBs
Increased by (multiform
Exercise and repetitive)
8 14
3\.4 28.0
30.5 28.9
62.1 62.7
59.9 63.3
47.2 46.7
3.1 2.2
VA = ventricular arrhythmias; VPBs = ventricular premature beats .
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bicycle exercise . In light of our present understanding of
the pathophysiology of sudden death in patients after repair
of tetralogy, noninvasive demonstration of abnormal left
ventricular reserve in our patients with these ventricular
arrhythmias combined with elevated right ventricular sys-
tolic pressure is an important finding. It can be speculated
that sudden death due to ventricular arrhythmia is more
likely to occur in patients with impaired left ventricular
function, a situation analogous to other disease states .
This hypothesis is supported by the description of patients
after repair of tetralogy of Fallot with extens ive myocardial
fibrosis in three cases of sudden death (31) and in right
ventricular biopsy studies (32) . Postoperative left ventricular
dysfunction in patients with tetralogy has been described
previously (33). Although this is thought to be related to
the effects of prolonged cyanosis and ventricular pressure
and volume overload, it is also likely that myocardial dam-
age would have been incurred during intracardiac repair 15
years ago because of suboptimal myocardial protection (34).
The influence of contemporary surgical management on this
effect is likely to be salutary. Further damage might ensue
in patients with postoperative left ventricular volume over-
load due to residual ventricular septal defect or aortic
insufficiency.
Diffuse ventricular fibrosis is conceivably the substrate
for ventricular arrhythmias and ventricular dysfunction.
Ventricular arrhythmias are more common in patients with
repair of tetralogy who have progre ssive conduction defects
(29) , which are believed to be related to progressive myo-
cardial fibrosis. In such patients the site of right bundle
branch block is variable (18) , as is the site of origin of
ventricular ectopic activity, which has been demonstrated
at the ventriculotomy scar (35) , the right ventricular outflow
tract (36) and the interventricular septum (37).
In addition to myocardial fibrosis , other explanations for
left ventricular dysfunction might coexist in our patients
with complex ventricular arrhythmias. These patients dem-
onstrated a trend toward a higher right ventricular outflow
gradient that increased with exercise (38), creating signif-
icant right ventricular pressure overload . These right heart
abnormalities could impair left ventricular performances by
the principle of "ventricular interference" (39). Although
this mechanism could be operative in our patients, further
exercise hemodynamic studies would be necessary for con-
firmation. Complete right bundle branch block is an addi-
tional possible factor in ventricular interference.
Clinical implications. On the basis of our observations,
one can speculate that patients with abnormal left ventricular
function and ventricular arrhythmias have extensive ven-
tricular fibrosis and are at increased risk of sudden death
after intracardiac repair of tetralogy of Failor. Continued
follow-up study will be necessary to establish this relation.
It is possible that our patient group, consisting of long-term
postoperative survivors, has undergone natural selection and
has a uniforml y decrea sed risk of sudden death. Follow-up
data , however, will enable compari son of longe vity and of
the effect of antiarrhythmic therapy in patients with ven-
tricular arrhythmias, with and without left ventricular
dysfunction.
We are grateful for the assistance of Sandra Ludlow, Louise Williams and
Bette Shurvell in preparat ion of this manuscrip!.
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